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In this study the properties of the aftershock sequences in the ﬁrst ﬁve months after the 17 August 1999 I˙zmit
and 12 November 1999 Du¨zce earthquakes are investigated. For this purpose, the b-value of frequency-magnitude
distribution of earthquakes and temporal decay rate of aftershocks as described by the p-value in the modiﬁed
Omori law are calculated. The data taken from the website of the KOERI consist of 1841 events for the I˙zmit and
913 events for the Du¨zce activity, respectively. The b-value for the I˙zmit sequence is found as 1.10±0.03 with
Mc = 2.6 and b = 1.16 ± 0.05 for the Du¨zce sequence with Mc = 2.8. Both b-values are close to 1 and typical
for aftershock sequences. The p-values are calculated as 0.86 ± 0.05 for the I˙zmit and p = 1.34 ± 0.09 for Du¨zce
aftershocks, respectively. Small p-value found in I˙zmit sequence may be a result of the background seismicity of
the aftershock region. Because of the lower p-value for the I˙zmit activity than that of the Du¨zce sequence, the
aftershocks show a relatively slow decay rate in the I˙zmit earthquake. Considerable spatial variability is found,
b-values ranging from 0.8 to 1.6, and p-values ranging from 0.4 to 1.4. The spatial variations of b and p-values of
an aftershock sequence may associate with the rupture mechanism and geological structure of an earthquake area.
A good agreement between the slip and b-value for the Du¨zce sequence are found whereas we could not observe
a linear relation between these parameters for the I˙zmit sequence. After the I˙zmit earthquake, the larger b-values
correlate with the regions where the lower stress changes occurred whereas the lower b-values are in the areas
with the larger stress variations. Also, the lower and higher b-values are related to the higher and lower P-wave
velocity in general. Regarding the geological aspect, the larger b and p-values for the two sequences are related
to Holocene alluvium structures which have low velocity. On the other hand, after the both earthquakes, the larger
p-values correlate well with the regions on which the maximum slip is located and the lower p-values are related
to the lower slip regions. However, the material properties seem more effective than the stress changes and slip
distributions in the b-value variations and the slip distribution is the most signiﬁcant factor on p-values in the both
sequences.
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1. Introduction
A number of statistical models have been proposed to
describe seismicity characters in time, space, and size of
earthquakes. Recent years have shown a signiﬁcant increase
in attention paid to aftershock sequences, because they can
provide an understanding of the mechanism of earthquakes
and they are potential sources of information about earth-
quakes nucleation and the physical properties of the materi-
als in fault zone within which slip occurs during an earth-
quake (Frohlich, 1987). A large amount of residual seis-
mic energy caused by the heterogeneity of materials in fo-
cal region is released by the aftershocks. The tectonic set-
ting and the mode of faulting are factors other than the fault
surface properties that might control the behavior of the se-
quences (Kisslinger and Jones, 1991). The characteristics of
sequences that may yield useful information are the spatial
distribution, total number of aftershocks, and the decay rate
of sequence with time. Also, aftershock sequences offer a
source of information on the Earth’s crust and source prop-
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erties of large earthquakes, because a very large number of
events occur over a short period of time in a small area.
Two basic relations describe the aftershock activity, the
Gutenberg-Richter’s (G-R) law which describes the power-
law of size distribution of earthquakes, and the modiﬁed
Omori’s law which describes the decay rate of the aftershock
activity. The size distribution of earthquakes in most cases
is well described by the G-R relationship (Gutenberg and
Richter, 1944):
log10 N (M) = a − bM (1)
where N (M) is the cumulative number of earthquakes with
magnitudes equal to or larger than M , b describes the slope
of the size distribution of events, and a is proportional to the
productivity of a volume, or the seismicity rate. Although a
and b-values are determined empirically from seismic cata-
logues, it is imperative to understand their physical meaning.
The b-value is one of the most important parameter in seis-
mology. The b-value has been observed to vary spatially
as well as temporally. Recently, several studies revealed
spatial variations in the frequency-magnitude distribution in
various tectonic regimes (Wiemer and Wyss, 1997) by us-
ing a technique of high-resolution spatial mapping of the
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Fig. 1. Mainshock epicenters and surface ruptures of I˙zmit and Du¨zce earthquakes taken from Armijo et al. (2002) and main tectonics of surrounding
area.
frequency-magnitude distribution. Wiemer and Katsumata
(1999) showed that estimated b-values vary mostly from 0.6
to 1.4. Also, it is summarized by Utsu (1971) that b-values
change roughly in the range 0.3 to 2.0, depending on the dif-
ferent region. Many factors can cause perturbations of the
normal b-value. The b-value for a region does not reﬂect
only the relative proportion of the number of large and small
earthquakes in the region, but is also related to the stress
condition over the region. The physical implication of the
b-value, however, is not obvious.
On the other hand, the temporal distribution of aftershocks
is empirically well described by the modiﬁed Omori law
(e.g., Utsu et al., 1995) through the following equation:
n(t) = K
(t + c)p (2)
where n(t) is the number of events per unit time at time t
after the mainshock. K , c, and p are constants. K depends
on the total number of events in the sequence, c on the rate
of activity in the earliest part of the sequences. The constant
c is a controversial quantity (Utsu et al., 1995) and strongly
inﬂuenced by incomplete detection of small aftershocks in
the early stage of sequence (Kisslinger and Jones, 1991). Of
these three parameters, p is a decay parameter and also the
most important one, which varies between 0.6–1.8 (Wiemer
and Katsumata, 1999), or changes from 0.5 to 1.8 (Olsson,
1999). This variability may be related to the tectonic con-
dition of the region such as structural heterogeneity, stress,
and temperature or the crustal heat ﬂow in the source volume
(Kisslinger and Jones, 1991; Utsu et al., 1995). However,
which factor is most signiﬁcant in controlling the p-value is
not clear.
The statistical properties of occurrence of aftershocks
have been one of the main objects of seismological studies
in connection with the processes of earthquake generation.
In this paper, the aftershock sequences of I˙zmit and Du¨zce
earthquakes causing extensive destruction are considered in
order to analyze their spatial and temporal variations.
2. Aftershock Sequences
In this study, the aftershock sequences of I˙zmit and Du¨zce
earthquakes were used to evaluate space-time-magnitude re-
lations. The data used in this study are taken from the web-
site of the Bogazici University, Kandilli Observatory and
Earthquake Research Institute (KOERI). The I˙zmit main-
shock (MW = 7.4, MD = 6.7, where MW and MD are mo-
ment magnitude and duration magnitude, respectively) oc-
curred at 40.75◦N and 29.86◦E, and at 00:01:37.6 UTC on
17 August 1999 (KOERI). The Du¨zce mainshock (MW =
7.2, MD = 6.5) occurred at 40.76◦N and 31.16◦E, and at
16:57:19.5 UTC on 12 November 1999 (KOERI). These
earthquakes were both associated with the North Anatolian
Fault (NAF) which is predominantly a single right-lateral
strike slip fault (Fig. 1). The Du¨zce earthquake is related
to the Du¨zce Fault, which is one of the segments of the NAF
and extends about 70 km between the Kaynas¸lı and Akyazı.
The mainshocks and the observed surface ruptures after the
earthquakes are shown in Fig. 1. The rupture plane of I˙zmit
event is about 150 km and extends about 80 km east and
75 km west of the mainshock hypocenter (O¨zalaybey et al.,
2002). The observed surface fault rupture after the Du¨zce
earthquake is about 40 km (Bu¨rgmann et al., 2002).
Seismological Observatory of KOERI, which has com-
puted the size of aftershock sequences of I˙zmit and Du¨zce
earthquakes with MD , provides and the real time data with
the modern on-line and dial-up seismic stations in Turkey.
The seismological division of the KOERI determines, as
rapidly and accurately as possible, the location and mag-
nitude of all earthquakes. The KOERI operates a 13-
station permanent seismic network around the Marmara re-
gion (MARNET) in the northwestern part of Turkey. Each
station is equipped with a high-gain seismometer. Signals
from the stations are sent by phone lines or by radio waves to
the seismological center at the KOERI. The aftershocks have
been located using both analog and digital records. Averaged
uncertainties in the hypocenter locations of the aftershocks
are about 2–3 km (Gu¨len et al., 2002). In this study, we did
not relocate the hypocenters of aftershocks and we used the
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Fig. 2. Epicenter maps for (a) I˙zmit and (b) Du¨zce sequences. Data from moderate to large magnitude size of the earthquakes are marked by different
symbols and the epicenters of the mainshocks by stars.
hypocenter locations of aftershocks given by KOERI.
The aftershock sequences of the two earthquakes contain
about ﬁve month’s time period, that is, from the time of
the mainshock (August 17, 1999) until December 31, 1999
for the I˙zmit earthquake and from November 12, 1999 until
March 31, 2000 for the Du¨zce earthquake. Figure 2 shows
the hypocenters of the aftershock sequences of the two earth-
quakes. For the I˙zmit sequence a total of 1841 aftershocks
with magnitude MD larger than and equal to 2.0 were used
during the ﬁve months time interval. The aftershocks of
I˙zmit are concentrated in three regions. The highest den-
sity of events (all size of shocks in general) is observed east
part of the mainshock hypocenter, between the Go¨lcu¨k and
Sapanca, in the eastern end (in the vicinity of Akyazı) and
western end (around Yalova) of the surface rupture. The
larger events (M ≥ 5.0 are especially observed between the
Go¨lcu¨k and Sapanca and in the environment of Akyazı. Also,
there is an activity in the north of Yalova which varies be-
tween 2.0 ≤ M < 5.0 (Fig. 2(a)). The aftershock data set
of the Du¨zce with magnitude MD larger than or equal to 2.3
contains 913 aftershocks. More aftershock activity contain-
ing generally all size of aftershocks is densely distributed
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Fig. 3. Magnitude of completeness, Mc , as a function of time for (a) I˙zmit and (b) Du¨zce. Mc is computed for overlapping temporal windows, containing
35 events for I˙zmit and 25 events for Du¨zce aftershocks.
from the mainshock hypocenter to the NE part of the surface
rupture. The larger aftershocks (M ≥ 4.0) are abundant in
the eastern and western ends of the Du¨zce Fault (Fig. 2(b)).
3. Method
It is important to use a completed data set for all magni-
tude bands to estimate both the b and p-values. The esti-
mate of the magnitude of completeness (Mc) is based on the
assumption of G-R’s power-law distribution against magni-
tude. Completeness in magnitude reporting varies system-
atically as a function of space and time, and particularly the
temporal changes can potentially produce erroneous b and p-
value estimates (Wiemer and Katsumata, 1999). Because the
network may be improved after the mainshock and during the
ﬁrst highest activity, small shocks may not be located since
they fall within the coda of larger events; Mc will be higher in
the early part of the aftershock sequence (Wiemer and Kat-
sumata, 1999). The magnitude above which all events have
been recorded, Mc, is important for all seismicity-based stud-
ies because it is frequently necessary to use the maximum
number of events available for high-quality results (Wiemer
and Wyss, 2000). Using a moving window approach (e.g.,
Wiemer et al., 1998) the change of Mc as a function of time
is determined for two investigated sequences, starting at the
origin time of each mainshock. Mc is estimated for sam-
ples of 40 events/window for the I˙zmit earthquake and 15
events/window for the Du¨zce earthquake, respectively. Fig-
ure 3 shows the variations of Mc with time for both after-
shock sequences. Mc is highest, 3.9, at the beginning of the
sequences (in the ﬁrst ten hours), and then decreases to about
between 2.5 and 3.0 one hour after the mainshock for the
I˙zmit sequence. It also changes from about 4.0 in the ﬁrst
hours to about between 2.4–2.9 for the Du¨zce sequence after
two days from the mainshock (Figs. 3(a) and 3(b)). There-
fore, it can be said that Mc generally shows a non-stable
value in the two sequences. During the ﬁve months inter-
val 1841 aftershocks were used for the I˙zmit and 913 events
for Du¨zce sequences. In order to understand how much the
Mc variations hinge on the sample size, we tried the differ-
ent sample sizes such as 35, 45, and 75 events/window for
the I˙zmit and Du¨zce sequences and saw that the selection of
the sample size does not affect the results. Consequently the
scatter in completeness seen in Fig. 3 does not depend on the
small sample size.
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In order to assure the completeness in our analysis, two
parameters need to be adjusted: (1) a minimum magnitude
threshold Mmin and (2) a minimum time threshold Tstart (in
days), i.e. excluding the ﬁrst hours to days from the analysis.
Mmin would be selected for the shortest Tstart as the most sim-
plistic approach and therefore, the approach uses the highest
Mc identiﬁed for the earliest part of the sequence (Wiemer
and Katsumata, 1999). This approach, however, reduces the
amount of useful data by more than one order of magnitude.
For the I˙zmit sequence Mmin = 3.4 and Tstart = 0.01 and
for the Du¨zce aftershocks Mmin = 3.3 and Tstart = 0.01
were chosen to determine the frequency-magnitude distribu-
tion and the parameters of Omori law. Regarding c-value
(which is measured in time units, days for example) after
some earthquakes, usually large ones, there is some delay
(usually small) in aftershock occurrence. It can be noticed
this by just looking at the decay curve of aftershocks with
time. However, in many cases, at the very beginning of the
aftershock sequence, there is a large incompleteness of the
catalog, so an artiﬁcial high c-value may be obtained. There
is no upper limit of c-value. However, this value is usually
small or very small: for example around 0.01. By choosing
Mmin = 3.4 and Tstart = 0.01 for the I˙zmit and Mmin = 3.3
and Tstart = 0.01 for the Du¨zce sequences we aimed to re-
move these uncertainties on the estimates. In this way, even
though the number of earthquakes is drastically reduced, the
earliest part of the sequence is included in the analysis and
ensures completeness.
The b-value in G-R relationship is calculated by maximum
likelihood method, because it yields a more robust estimate
than least-square regression method (Aki, 1965). The param-
eters in the modiﬁed Omori formula can be estimated accu-
rately by the maximum likelihood method, assuming that the
seismicity follows a non-stationary Poisson process (Ogata,
1983).
We used the software ZMAP (Wiemer and Zuniga, 1994)
in all computations. For spatial mapping of the frequency-
magnitude distribution and the decay rate of the aftershocks,
we used the gridding technique and considered the near-
est epicenters, Ne, for each node of the grid (Wiemer and
Wyss, 1997; Wiemer and Katsumata, 1999). The algorithm
(Wiemer and Wyss, 2000) determines the minimum thresh-
old magnitude for which the goodness of ﬁt is greater than
or equal to 95%. If there is no such magnitude for the given
conﬁdence level, a 90% goodness of ﬁt is assigned instead.
If, however, the goodness of ﬁt is less than 90% for any
threshold magnitude, the magnitude where the frequency-
magnitude distribution has its maximum curvature is deter-
mined. One of these magnitudes becomes the Mc for that
grid point. If the number of earthquakes with M ≥ Mc is
larger than or equal to minimum number of the nearest epi-
centers, Nemin, b and p-values are computed for that node
by using only the earthquakes with M ≥ Mc. Otherwise,
the b and p-values are not computed. The b and p-values
estimated in each node are translated into a color node.
4. Statistical Properties of Aftershock Sequences
Figure 4 shows the plots of cumulative number of the
aftershocks against the magnitude for the I˙zmit and Du¨zce
earthquakes, respectively. The completeness magnitude Mc
was taken as 2.6 for the I˙zmit and 2.8 for Du¨zce sequences.
These magnitudes were computed automatically by ZMAP
program, ranging within the variation of Mc shown in Fig. 3.
Using these values of completeness it was determined b-
value and its standard deviation with maximum likelihood
method, as well as the a-value of Gutenberg-Richter relation.
The b-value is calculated as 1.10±0.03 for the aftershocks of
I˙zmit and 1.16±0.05 for Du¨zce earthquakes (Figs. 4(a) and
4(b)). The b-values obtained for the two cases are very close
to 1. So, both aftershock sequences match the general prop-
erty of aftershocks such that magnitude-frequency distribu-
tion of aftershocks is represented by the Gutenberg-Richter
law with a b-value typically close to 1.
The temporal decay rates of aftershocks for the two se-
quences are shown in Fig. 5. The p, c and K parameters
were obtained using the maximum likelihood procedure and
the occurrence rate was modeled by the modiﬁed Omori for-
mula. p = 0.86 ± 0.05, relatively small, was calculated for
the I˙zmit sequence considering Mmin = 3.4, Tstart = 0.01
and p = 1.34 ± 0.09 for the Du¨zce aftershocks assuming
to be Mmin = 3.3, Tstart = 0.01. c-values are 0.03±0.03
and 0.27±0.11 for the I˙zmit and Du¨zce earthquakes, respec-
tively.
When we compared the decay of aftershock sequences in
the I˙zmit and Du¨zce, as shown in Figs. 5(a) and 5(b) there is
a signiﬁcant difference in p-values between the two distribu-
tions. The activity in the I˙zmit region continues with a large
occurrence rate even after ﬁve months from the mainshock.
But the relaxation time, which ends in about two months,
is rather small for the Du¨zce earthquake and the higher p-
value, 1.34, was found for this case. Since aftershocks activ-
ity after the I˙zmit earthquake shows a relatively slow decay
rate in time than that of the Du¨zce sequence, a lower p-value
is computed for the I˙zmit sequence.
The small p-values especially for the case of small num-
ber of aftershocks suggest that the effect of background seis-
micity has not completely been removed and small p-values
have often been reported for superposed sequences. The su-
perposed sequences consist of mostly small sized aftershocks
and a portion of these may not be real aftershocks; they may
only represent background seismicity (Utsu et al., 1995).
In our catalogs, I˙zmit and Du¨zce sequences have 1288 and
529 events which vary between 2.0 ≤ M < 3.0, respec-
tively. Considering the effects of these aftershocks num-
ber, we tested the p and c-values for the two aftershock se-
quences based on the KOERI catalog. For I˙zmit sequence,
with Mmin = 3.4 using the data between 0.01 ≤ t ≤ 30 days,
we obtained p = 0.90 ± 0.08 and c = 0.04 ± 0.04 for 1155
events, and p = 0.95 ± 0.07 and c = 0.06 ± 0.05 for 1451
events between 0.01 ≤ t ≤ 60 days, and p = 0.85 ± 0.05
and c = 0.02± 0.02 for 1692 events between 0.01 ≤ t ≤ 90
days, and p = 0.86 ± 0.05 and c = 0.03 ± 0.03 for 1841
events between 0.01 ≤ t ≤ 134 days. For Du¨zce sequence,
with Mmin = 3.3 using the data between 0.01 ≤ t ≤ 30 days,
we obtained p = 1.53 ± 0.18 and c = 0.41 ± 0.19 for 792
events, and p = 1.41 ± 0.13 and c = 0.32 ± 0.13 for 872
events between 0.01 ≤ t ≤ 60 days, and p = 1.38 ± 0.11
and c = 0.30 ± 0.12 for 887 events between 0.01 ≤ t ≤ 90
days, and p = 1.34 ± 0.09 and c = 0.27 ± 0.11 for 913
events between 0.01 ≤ t ≤ 139 days. Consequently, it can
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Fig. 4. Frequency-magnitude distributions for (a) I˙zmit and (b) Du¨zce aftershocks. The b-value and its standard deviation, as well as the a-value in the
Gutenberg-Richter relation for both sequences are given.
be said that small p-value obtained in I˙zmit sequence in com-
parison with Du¨zce events may be caused by the background
seismicity of the I˙zmit aftershock region. Utsu et al. (1995)
pointed out that the p-value is independent of Mmin, but the
c-value depends heavily on the magnitude completeness of
the data. We have tested our parameters for other Mmin val-
ues (ranging from 2.6 to 3.4 for the I˙zmit and 2.8 to 3.4 for
Du¨zce sequences) and we can conclude that the result does
not change signiﬁcantly.
Some seismologist are of the opinion that the number of
aftershocks can not be counted completely in the beginning
of a sequence when smaller shocks are often obscured by
larger ones due to overlapping, thus too large value of c is
obtained. The value of c might be zero if all shocks should
be counted (Utsu, 1971). There is an opinion that the c-value
is essentially 0 and all the reported positive c-values result
from incompleteness. If c = 0, n(t) in Eq. (2) diverges at
t = 0. Kagan and Knopoff (1981) explained this difﬁculty
by considering that the mainshock is a multiple occurrence
of numerous sub-events occurring in a very short time inter-
val. Hirata (1969) found c = 0.02–0.5 for 1969 Shikotan-
Oki earthquake (M6.9; from Utsu, 1969). For simple af-
tershock sequences following relatively small mainshocks,
estimated c-values are usually small (c ≤ 0.01 days) but
if the expansion of the aftershock area occurs in an early
stage, a relatively large c-value may be obtained (Utsu et
al., 1995). Also, the larger c-value (c > 0.01 days) re-
ﬂects the more complex feature of the rupture process of the
mainshock (Yamakawa, 1968). Although the main rupture
of the I˙zmit earthquake seems more complex than that of the
Du¨zce earthquake, it was found a larger c-value for Du¨zce
sequence. Based on the results obtained for both regions, we
considered that the larger c-value in Du¨zce sequence may
be caused by the large incompleteness at the beginning of
Y. BAYRAK AND S. O¨ZTU¨RK: SPATIAL AND TEMPORAL VARIATIONS OF THE AFTERSHOCK SEQUENCES 939
Fig. 5. Temporal change of the number of aftershocks per day (a) I˙zmit (for the events: M ≥ 3.4), (b) Du¨zce (for the cases: M ≥ 3.3). Near each
distribution some relevant parameters are given: p, c and K -values in the modiﬁed Omori formula, the minimum magnitude for the data and the number
of earthquakes.
the sequence (Fig. 3(b)) and by the ﬁt of the decay rate of
aftershocks with time (Fig. 5(b)). In our study, for the two
sequences the calculated c-values of 0.03 and 0.27 seem to
be normal and are consistent with the other studies.
5. Spatial Variations of b and p-values
Spatial distribution of b and p-values for the two after-
shock sequences are presented in Figs. 6 and 7, respectively.
The I˙zmit earthquake generated a remarkable set of surface
ruptures with a dominant dextral strike-slip character (Polat
et al., 2002b). A number of signiﬁcant aftershock clusters
occurred off inferred mainshock rupture plane. The distri-
bution of aftershocks showed a very simple strike slip in the
east-west direction along the NAF (Ito et al., 2002). But, the
Yalova cluster which is located to west of 29.2◦E shows nor-
mal faulting mechanisms. O¨zalaybey et al. (2002) and Ito et
al. (2002) inferred that the Yalova cluster was triggered by
the mainshock because this cluster activity began after the
19th of August 1999. Ito et al. (2002) concluded that the
western end of the rupture of I˙zmit earthquake was at the
longitude of about 29.2◦E and the eastern end of the rupture
at about 31.0◦E. From the aftershock distribution, we con-
cluded that the western end of the rupture is at the longitude
of about 29.2◦E and the eastern end of the surface rupture
is about 31.0◦E for the I˙zmit sequence. Also, we excluded
the Yalova cluster from our analysis. We used the longitudes
between 30.95◦E and 31.55◦E for the Du¨zce sequence con-
sidering that the part between 30.95◦E and 31.00◦E of I˙zmit
940 Y. BAYRAK AND S. O¨ZTU¨RK: SPATIAL AND TEMPORAL VARIATIONS OF THE AFTERSHOCK SEQUENCES
(a)
(b)
Fig. 6. (a) Map of b-value for I˙zmit sequence using all aftershocks with M ≥ 3.4 and Tstart = 0.01 days. The b-value was computed using the maximum
likelihood method and determined by sampling the nearest 250 earthquakes in each node of a grid with nodal separation of 0.02◦. (b) p-value map using
the same grid and number of earthquakes in each grid-node as in the case of b-value map. The p-value was determined using the maximum likelihood
method. The values of b and p are color-coded and plotted at each node.
earthquake reworked (Akyu¨z et al., 2002).
For the spatial mapping of aftershock sequences, we con-
sidered spatial grid of points with a grid of 0.02◦ and used the
nearest epicenters for each grid points. Next, for each node
the closest nearest epicenters (number of events) Ne = 250
events for the I˙zmit and 200 events for Du¨zce sequence were
considered and the minimum nearest epicenters (minimum
number of events > Mc) Nemin is taken as 100 for the two
sequences. Thus, b and p-values for each node are computed
by using Ne = 250 and Nemin = 100 events for the I˙zmit
and Ne = 200 and Nemin = 100 earthquakes for Du¨zce.
The parameter values for nodes are represented by using a
color node on the maps. Two important assumptions are
that we chose two ﬁxed c = 0.03 days for the I˙zmit and
c = 0.27 days for Du¨zce events, which is seen in Fig. 5, in
the modiﬁed Omori formula for the spatial mapping of p-
value, because these values are more meaningful to produce
the contour maps. The magnitude of completeness varies
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spatially between 2.5 and 3.0, but, for most of the nodes, it
has a value of 2.6 for the I˙zmit events and it has a value of
2.8 for the Du¨zce sequence. Then, ZMAP selects these min-
imum threshold magnitudes as the Mc for all grid point. If
the number of earthquakes with M ≥ Mc is larger than or
equal to Nemin in each window, b and p-values are computed
for that node by using only the earthquakes with M ≥ Mc.
Otherwise, the b and p-values are not computed. As a conse-
quence, the b and p-values were determined using Ne = 250
events for the I˙zmit and 200 shocks for Du¨zce events with
Nemin = 100 events for the two sequences.
Figures 6 (a) and (b) show b and p-value maps for the
I˙zmit sequence, respectively. The spatial variations in b
change between 0.8 and 1.5 and in p between 0.4 and 1.1.
The highest density and large size of aftershocks of I˙zmit se-
quence are observed around the mainshock hypocenter, and
especially in the eastern and western extremity of the after-
shock region (Fig. 2(a)). The variations of b-values along
the strike of I˙zmit rupture show considerable spatial vari-
ability. The higher b-values (>1.3) are located between the
Adapazarı and Hendek, in the east of Akyazı and in the west-
ern end of the rupture while the lower b-values are found in
the vicinity of the hypocenter of the mainshock, namely in
the central part of the aftershock epicentral distribution (be-
tween mainshock hypocenter and the Sapanca Lake). The
lower b-values (<1.1) are extending both side from the main-
shock (29.7◦E–30.3◦E). The p-values which range from 0.4
to 1.1 show a tendency of decrease and are generally small
in the whole investigated area. As shown in Fig. 6(b) the
relatively large values of p (>0.9) are observed around the
mainshock hypocenter and between the Sapanca Lake and
Hendek. Rather low p-values (<0.7) are found in eastern-
most and the western extremity of the surface rupture. The
p-values in the other parts of the sequence are between 0.7
and 0.8.
Figures 7(a) and (b) show b and p-value maps for the
Du¨zce sequence, respectively. The spatial variations in b
change from 0.8 to 1.6 and in p from 1.0 to 1.4. The b-values
can be divided into two groups: (1) lower b-values (<1.2) to
the NW (west of Du¨zce) and SE (east of Kaynas¸lı) direc-
tion from the hypocenter of the mainshock, and (2) higher
b-values (>1.2) between Du¨zce and Kaynas¸lı. The high-
est values (b > 1.4) are found in the east of the mainshock
hypocenter, partially on the surface rupture, and in the north-
east part of the sequence. The p-values for the Du¨zce re-
gion appear to be normally distributed. The highest p-values
(>1.4) are found around the hypocenter of the main event
and the NE (31.2◦E–31.4◦E) of the Du¨zce rupture area. On
the contrary, relatively lower p-values (<1.1) areas are com-
puted in the both ends of the main rupture (west of Du¨zce
and east of Kaynas¸lı).
6. Discussion
The spatial maps of b and p-values of an aftershock se-
quence have provided useful information to interpret rupture
mechanisms and materiel properties of an earthquake area.
It is known that Eaton et al. (1970) studied ﬁrstly the spa-
tial mapping of parameters of frequency-magnitude distri-
bution and p for the Parkﬁeld earthquake sequence. After
that, a lot of studies have been done to explain spatial dis-
(a)
(b)
Fig. 7. (a) Map of b-value for Du¨zce sequence using all aftershocks with
M ≥ 3.3 and Tstart = 0.01 days. The b-value was computed using the
maximum likelihood method and determined by sampling the nearest
200 earthquakes in each node of a grid with nodal separation of 0.02◦.
(b) p-value map using the same grid and number of earthquakes in each
grid-node as in the case of b-value map. The p-value was determined
using the maximum likelihood method. The values of b and p are
color-coded and plotted at each node.
tribution of the b and p-values. In the some of these studies
the distribution of b-values has been shown to be perturbed
by stress and the relation between a lower b-value and the
higher stress after mainshock is pointed out (Scholz, 1990;
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Frohlich and Davis, 1993; Wiemer and Wyss, 1997; Wiemer
et al., 1998; Enescu and Ito, 2002). Kisslinger and Jones
(1991) was tested the temporal behavior of 39 aftershock se-
quences in southern California and could not ﬁnd any rela-
tion of p with either b-value of the sequence or the main-
shock magnitude. They observed p-values varying from
0.688 to 1.809 and suggested a direct correlation between
p-value and surface heat ﬂow. Wiemer and Wyss (1997) hy-
pothesized that highly stressed asperities might be deﬁned
by mapping anomalously low b-values for different parts of
the San Andreas Fault. Guo and Ogata (1997) was stud-
ied 34 aftershock sequences observed in Japan from 1971
to 1995. They have proposed that the aftershock parame-
ters for intraplate events are mainly affected by heat ﬂow
of the area or structural heterogeneity (inverse power distri-
bution of barrier sizes), while those of interplate events are
mainly affected by depth. After that, Wiemer and Katsumata
(1999) investigated the spatial variability of p and b within
one aftershock sequence for Kobe, Morgan Hill, Landers and
Northridge earthquakes. Their study is a logical extension of
the work by Kisslinger and Jones (1991) and Guo and Ogata
(1997). They focused that the areas of largest slip release
correlate with high b-value, while applied shear stress, crack
density and pore pressure govern the frequency-magnitude
distribution. Enescu and Ito (2002) analyzed spatial distri-
bution of b and p-values of aftershock activity of the 2000
Western Tottori earthquake. They interpreted that the varia-
tion of b-value can be related to the stress distribution after
the mainshock and the larger p-values correlate with the re-
gions that experienced larger slip during mainshock.
Yagi and Kikuchi (2000) proposed a source model and slip
distribution of the I˙zmit earthquake by analyzing near-ﬁeld
strong ground motion and teleseismic waveform. The slip
distribution in their model was not symmetric and maximum
slip values were observed around the mainshock hypocenter
and in the east of the Sapanca Lake. Some measurements
on the I˙zmit rupture segments from the Yalova to Go¨lyaka
were made by some researchers (Polat et al., 2002a; Polat
et al., 2002b; Barka et al., 2002; Aydın and Kalafat, 2002).
They measured the maximum slips are about 5.0 m between
the Karamu¨rsel and Go¨lcu¨k (west of the mainshock hypocen-
ter), 3.0 m between I˙zmit–the Sapanca Lake, 5.0 m between
the Sapanca Lake and Akyazı, and 1.5 m at the Karadere
segment (eastern end of the surface rupture). The slip val-
ues decreased to the both ends of the rupture. These studies
are consistent with the slip distribution model proposed by
Yagi and Kikuchi (2000). In our study, spatial distribution
of b-value shown in Fig. 6(a) is not consistent with the slip
along the rupture zone of I˙zmit earthquake. Considering the
slip values decreasing to the both ends, the lower b-values
are expected in these regions, namely in the north of Akyazı
and in the western end according to Wiemer and Katsumata
(1999). But the larger b-values are computed in the west-
ern end and in the vicinity of Akyazı, so the spatial variation
of b-value of I˙zmit sequence is not compared with the slip
distribution. As a result, we could not observe a linear cor-
relation between b-value and slip for the I˙zmit sequence and
the areas of the largest slip release do not correlate with high
b-value regions to the contrary of Wiemer and Katsumata
(1999). In other words, the smaller and the larger b-value
regions of the I˙zmit sequence are generally consistent with
the higher and lower slip regions, respectively. However, al-
though no slip occurred in the northeast of Sapanca Lake,
the larger b-value found in this area may relate to the geo-
logical properties. We believe that this conﬂicted result may
be caused by the heterogeneous material properties along the
NAF because the rupture is extremely linear but segment and
its complexity increase towards the western end manifesting
bifurcation (Polat et al., 2002b).
Gu¨len et al. (2002) reported their observations on the sur-
face fault breaks, distribution of aftershocks, seismicity of
the Marmara region, and the results of rupture process anal-
ysis, mainly concentrating on the I˙zmit earthquake. They
stated that the stress drop during the mainshock corresponds
to 91 Mpa in the east of Lake Sapanca, 11.4 Mpa in the
west of Go¨lcu¨k, 8.4 Mpa between Akyazı and Go¨lyaka, and
2.7 Mpa in the north of Yalova. Also, King et al. (2001)
discussed the implications for seismic hazard of the tran-
sient effects of earthquake stress changes and stated that the
Coulomb stress resolved onto faults west of the rupture rose
by 1–5 bars and stress was increased by up to 10 bars along
the fault at the eastern end of the rupture. Thus, the lower b-
values in Fig. 6(a) correlate with the regions where the larger
stress changes occurred whereas relatively large b-value are
in the areas with the lower stress variations occurred after the
mainshock.
Ogata et al. (1991) found that the variations of the b-value
estimate is in good agreement with the structure of seismic
wave frictional velocity perturbations and stated that the re-
gions of high and low b-values correspond, respectively, to
the lower and higher parts of the P-wave velocity. Also,
Young and Maxwell (1992) showed that high seismic ve-
locity characterizes highly stressed regions. Nakamura et
al. (2002) determined three-dimensional P-wave velocity
structure in and around the focal area of 1999 I˙zmit earth-
quake. They found two low-velocity anomalies and one
high-velocity anomaly in the source region. According their
calculations, there is a low-velocity anomaly above the main-
shock hypocenter but the mainshock hypocenter is situated
in a relatively high-velocity region compared with the sur-
rounding areas. Also, another low-velocity anomaly spreads
in a wide area west of the mainshock hypocenter and a high-
velocity anomaly to the east of 30.4◦E. This high-velocity
area lies below aftershock cluster distributed to the east of
30.4◦E. As shown in Fig. 6(a), the lower and higher b-values
correlate with the higher and lower P-wave velocity in some
regions. Comparing these studies, there is low b-value re-
gion accordance with high-velocity region at the mainshock
hypocenter and there is high b-value region related to low-
velocity region in the west of the mainshock hypocenter.
However, the larger velocity in the northwest of Akyazı and
low-velocity computed by Nakamura et al. (2002) does not
correspond to the higher b-value. Aydın and Kalafat (2002)
summarized the result of their ﬁeld study, which focused on
the tectonic signiﬁcance of the surface ruptures of I˙zmit and
Du¨zce earthquakes and stated that Holocene alluvium de-
posits cover the northwest of Akyazı. We found the largest
b-value in this region as shown in Fig. 6(a) and suggest that
the area which has alluvium structure may have low velocity.
On the other hand, the highest p-values shown in Fig. 6(b)
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are found around the mainshock hypocenter and in the east
of Sapanca Lake where the highest slip observed after the
mainshock. Although no slip occurred in the northeast of
Sapanca Lake, we found the larger p-value in this area and
considered that this situation may be caused by the alluvium
structure of the region. Also, the calculated lower p-values
(<0.7) in the eastern and western ends of I˙zmit rupture are
coincide with the observed lower slip values.
Akyu¨z et al. (2002) stated that an unbroken part of 10–
12 km between the eastern end of the Du¨zce fault and Bolu
may still exist because Du¨zce was the only segment that had
not ruptured in the NAF and the 17 August 1999 I˙zmit earth-
quake increased the failure stress on the Du¨zce segment (Par-
sons et al., 2000). According to Gu¨len et al. (2002), the
12 November 1999 Du¨zce earthquake can be considered as
an earthquake-stress triggered, time delayed event follow-
ing the I˙zmit earthquake. As shown in Fig. 2(b) aftershocks
that vary between 4.0 and 5.5 are concentrated at the both
ends of the rupture area and this can be attributed to a stress
redistribution process after the mainshock. The lowest b-
values shown in Fig. 7(a) are calculated in these largest af-
tershocks areas and it is a reasonable to assume that, during
the aftershock sequence in a region of increased Coulomb
stress (in the eastern and western end of the Du¨zce fault),
the probability of large event being triggered is greatly in-
creased. Yagi and Kikuchi (1999) calculated slip distribu-
tion of the Du¨zce earthquake using teleseismic body wave
(P-waves) data. They suggested the maximum slip (∼5.0 m)
was around the mainshock hypocenter. Akyu¨z et al. (2002)
found that the maximum slip which is located on the central
part of the surface rupture was about 5.0 m, averaging 3 m.
Also, they observed that the slip decreased sharply at both
ends of the rupture. The slip distribution of Du¨zce earth-
quake which is symmetric with respect to the mainshock
hypocenter is not complex as well as that of the I˙zmit earth-
quake. Aydın and Kalafat (2002) studied the characteristics
of the surface ruptures and associated the slip distributions of
I˙zmit and Du¨zce earthquakes. They found the highest right-
lateral slip (nearly 5 m) occurs at the central part and the
eastern part of the rupture displays a typical strike-slip de-
formation with less than about 3 m right-lateral slip. Also,
Bu¨rgmann et al. (2002) stated that distributed-slip inversions
indicate maximum strike slip near the center of the Du¨zce
fault close to the earthquake hypocenter. The observed high-
est slip in the middle of the rupture is consistent with the
calculated maximum b-values region as seen in Fig. 7(a). Al-
though it is not observed a linear relation between slip and
b-value for the I˙zmit sequence, we found a good agreement
between the two parameters for the Du¨zce sequence which
is stated in Wiemer and Katsumata (1999). Generally speak-
ing, larger slip must cause larger stress and lower b-value.
Therefore, the eastern part of the main shock hypocenter is
expected to produce the lower b-value. As stated in Aydın
and Kalafat (2002), the eastern part of Du¨zce has Holocene
alluvium deposits. As in the b-value of the I˙zmit sequence
we calculated the largest b-value in this region and it can
be said that the area which has alluvium structure may pro-
duce the larger b-values. On the other hand, we calculated
the larger p-values (Fig. 7(b)) in the central part of the rup-
ture on which the maximum dextral slip is located. Also,
the highest p-value are observed in the Holocene alluvium
region and we interpreted that alluvium structure may corre-
spond to the larger p-values. As in the b and p-values found
in the northeast of Sapanca Lake which has alluvium mate-
rials, we observed the higher b and p-values in the eastern
part of the Du¨zce sequence, which has alluvium materials.
Thus, the larger b and p-values may be caused by the allu-
vium regions. However, the lower p-values are calculated in
the eastern end western ends of Du¨zce rupture where the slip
decreases. Considering the calculated p-values distribution
and observed slip values for the both earthquake sequences,
we can conclude that there is a linear correlation between
p-values and slip. This result supports the result found by
Enescu and Ito (2002) and Wiemer and Katsumata (1999).
7. Conclusions
In this paper the b-value of Gutenberg-Richter relation, the
p-value of Omori’s law and the spatial variations of these
parameters are investigated for the aftershock sequences of
17 August 1999 I˙zmit and 12 November 1999 Du¨zce earth-
quakes. The results can be summarized as follows:
The b-value for the I˙zmit sequence, computed by using
events with Mc = 2.6 equals to 1.10±0.03 for the after-
shocks of I˙zmit and 1.16±0.05 with Mc = 2.8 for Du¨zce
sequences. There is no signiﬁcant difference between the
two b-values. They are very close to 1 and accord with the
G-R relation with a b-value typically near 1.
The decay parameters of aftershock activity, p in the mod-
iﬁed Omori formula are calculated for both cases. Fitting the
data for the events with M ≥ 3.4 of the I˙zmit sequence,
p-value was obtained as 0.86±0.05, relatively small, and
p = 1.34 ± 0.09 was calculated assuming to be M ≥ 3.3
for the Du¨zce sequence. There is a signiﬁcant difference in
p-values between the sequences. The background seismicity
of the I˙zmit aftershock region may cause a small p-value in
I˙zmit sequence in comparison with Du¨zce events. Because
of the computed lower p-value for the I˙zmit sequence than
that of the Du¨zce sequence, the activity shows a relatively
slow decay rate in the I˙zmit region.
The spatial variations in b-value change between 0.8 and
1.5 and between 0.8 and 1.6 for the I˙zmit and Du¨zce se-
quences, respectively. The highest b-values are located be-
tween the Adapazarı and Hendek, in the east of Akyazı and in
the western end of the rupture while the lowest b-values are
found between the mainshock hypocenter and the Sapanca
Lake. For the Du¨zce sequence, the lower b-values are in
the west of Du¨zce and the east of Kaynas¸lı and the higher
b-values between Du¨zce and Kaynas¸lı.
The p-values range from 0.4 to 1.1 and from 1.0 to 1.4 for
the I˙zmit and Du¨zce sequences, respectively. The larger val-
ues of p are observed around the I˙zmit mainshock hypocen-
ter and between the Sapanca Lake and Hendek and the lower
p-values are found in easternmost and the western extremity
of the surface rupture. In the Du¨zce sequence the highest p-
values are found around and in the northeast of the hypocen-
ter of the main event whereas relatively lower p-values are
computed in the east of Du¨zce and the east of Kaynas¸lı.
The spatial variations of b and p-values of an aftershock
sequence may associate with the rupture mechanism and ma-
teriel properties of an earthquake area. Although we could
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not observe a linear relation between slip and b-value for
the I˙zmit sequence, we found a good agreement between the
two parameters for the Du¨zce sequence. The lower b-values
correlate with the regions where the larger stress changes oc-
curred whereas relatively large b-value is in the areas with
the lower stress variations occurred after the I˙zmit main-
shock. The lower and higher b-values correlate with the
higher and lower P-wave velocity in general. On the other
hand, for both aftershock activities we calculated the larger
p-values where the maximum slip is located on and the lower
p-values are related to the lower slip regions. The larger b
and p-values are found in the northeast of Sapanca Lake of
I˙zmit aftershock region and in the northeast part of the Du¨zce
sequence. From the geological aspect, the larger b and p-
values for the two sequences are observed in the Holocene
alluvium structures which have low velocity. Thus, the larger
b and p-values obtained in these parts of the sequences may
be caused by the alluvium materials.
Our results suggest that the material properties is more
important factor in comparison with the stress changes and
slip distributions in controlling the b-value distributions. But
the slip distribution is the most signiﬁcant factor on p-values.
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